Myeloma is a complex disease, characterized by a wide heterogeneity in clinical presentation, evolution, and molecular portraits. The successive use of cytogenetics, molecular cytogenetics, expression genomics, copy number genomics, and, more recently, deep sequencing, has shown that this heterogeneity can be used to identify markers usable for not only prognostication but also therapeutic choice and, ultimately, discovery of druggable targets.
Learning Objectives
Upon completion of this activity, participants will be able to:
• Distinguish the most common genetic abnormality in multiple myeloma • Analyze how specific genetic abnormalities affect the prognosis of multiple myeloma • Evaluate how genetic findings in multiple myeloma can affect the choice of treatment clustered genes according to similarities with either MGUS or human myeloma cell lines, 8 and identified 4 classes of myelomas according to these similarities.
In 2003, another study showed that the most relevant profiles were related to immunoglobulin (Ig) gene expression. 9 More recently, using unsupervised analyses, 3 reports identified subgroups mostly driven by chromosomal aberrations. The first report identified 8 different subgroups, mainly based on the cyclin D gene expression and the different 14q32 recurrent translocations. 6 This molecular classification was refined in 2006, identifying 7 subclasses of myeloma. 10 In this pathogenetic model, the first class is defined by the translocation t (4;14) , identified by overexpression of the MMSET or FGFR3 genes. The second class is defined by upregulation of one of the MAF genes, related to the translocations t(14;16) or t (14;20) . Cases with CCND1 or CCND3 upregulation (from the translocations t (11;14) or t(6;14)) clustered in 2 different groups, and are named CD1 and CD2. The CD2 group was characterized by CD20 expression. The fifth group was characterized by hyperdiploidy. The last 2 groups were characterized by a low incidence of bone disease, according to a low DKK1 expression, whereas the last group was characterized by a high expression of genes involved in proliferation. This molecular classification has been partially confirmed and further refined by a recent study by the HOVON group. 11 Although the "low bone disease" group was not confirmed, 3 other subgroups were identified: one enriched by myeloid genes (that could be related to plasma cell sorting problems), one characterized by overexpression of cancer-testis antigen genes, and finally one defined by overexpression of positive regulators of the nuclear factor κB (NF-κB) pathway.
DNA-based techniques, such as array comparative genomic hybridization, 12, 13 have identified the role of the NF-κB pathway in myeloma. Two separate studies have shown that the NF-κB pathway can be activated, either through deletions of NF-κB inhibitors (such as TRAF3, BIRC, or CYLD) or through activation of NF-κB activators (such as NIK or CD40). Other studies based on the analysis of copy number changes using high-density single nucleotide polymorphism (SNP) arrays have identified other levels of molecular heterogeneity. [14] [15] [16] [17] These studies identified genomic heterogeneity within the hyperdiploid group driven by the presence of either chromosome 1q and/ Despite major improvements in the prognosis of multiple myeloma in the past decade (mainly because of the availability of novel drugs, such as thalidomide, bortezomib, and lenalidomide), patient outcomes are highly heterogeneous. Even though the median survival of the youngest patients is probably now more than 10 years, some patients are still presenting with refractory disease, with a fatal evolution within weeks or months. Many factors can drive this evolution. Apart from patient-related factors, such as comorbidities (including poor performance status and cardiac, renal, or liver dysfunctions), the most important heterogeneity is related to intrinsic malignant plasma cell variations. The basis of this heterogeneity is probably within the wide spectrum of molecular rearrangements observed in the malignant plasma cells. During the past decade, many studies exploring genetic rearrangements have been published. This article addresses the abnormalities that could be used in the management of patients with myeloma.
Pathogenesis
Although karyotypic complexity is the rule in myeloma, recurrent changes have been identified. [1] [2] [3] [4] [5] Briefly, hyperdiploidy (with recurrent chromosomal gains) is observed in 50% to 60% of patients, whereas monosomy 13 is seen in 45%. Recurrent structural rearrangements are also observed, targeting especially the IGH gene mapped at 14q32. The karyotypic oncogenetic classification, mainly based on hyperdiploidy and 14q32 translocations, 6 is only partially confirmed by molecular studies. However, several studies have evaluated myeloma at the transcriptional level using gene expression profiling. With this approach, CD138+ purified malignant plasma cells are used to extract RNAs and hybridized on arrays to evaluate the expression of genes representative of the whole transcribed genome. Using unsupervised bioinformatic methods, tumors are then classified according to gene expression profile similarities.
One of the first analyses compared gene expression profiling in cohorts of patients with monoclonal gammopathy of undetermined significance (MGUS) and myeloma, showing sequential genetic changes from normal plasma cells to malignant plasma cells in the process, providing clues to a molecular basis for malignant transformation and potential therapeutic targets. 7 The first molecular classification in 2002 or 11 gain, chromosome 13 loss, or chromosome 5 gain, conferring a significant outcome difference. Furthermore, these studies showed that integration of copy number changes and gene expression values allowed the conversion of genomic heterogeneity into identification of potential cancer target genes. Subclasses of hyperdiploid patients with multiple myeloma with clinical and biologic associations were also characterized using gene expression profiling. 18 Initial attempts at understanding the genesis of these genomic heterogeneities were based on uncontrolled recombination mechanisms, which may become a potential target for understanding the biology and developing an effective therapeutic strategy.
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Implications for Prognosis
If molecular studies have not yet provided a definite myeloma subclassification into specific diseases correlating with biology or clinical behavior, they have definitely contributed to the identification of several prognostic factors that significantly influence patient outcomes. Conventional cytogenetics have identified recurrent chromosomal changes and correlated these with clinical outcomes (Table 1 ). Abnormalities such as t(4;14) and t(14;16), and loss of 17p13 confer a poor prognosis in patients undergoing high-dose therapy. In contrast, hyperdiploidy has been associated with better outcomes, even though it is a heterogeneous category. Because myeloma cells have a low proliferative index, the prognostic significance of genetic abnormalities is analyzed with interphase fluorescence in situ hybridization (FISH). However, these FISH analyses require plasma cell recognition or sorting.
Among the specific 14q32 translocations discussed previously, t(4;14) is definitely the most important one from a clinical standpoint. Several studies have confirmed that patients who display this translocation (15%) have a specifically poor prognosis. [20] [21] [22] [23] [24] [25] These patients may require a specific therapeutic approach to include the novel agents such as proteasome inhibitors. Previously reported monosomy 13 is not considered to predict poor outcome by itself. The most important chromosomal change for prognosis is del(17p). Present in 8% to 10% of patients, this deletion is associated with a remarkably short survival, irrespective of the therapy used. 24, 26, 27 The molecular target of this deletion could be TP53, but no clear biologic evidence supports this hypothesis, and mutations are observed in only a subset of patients with del(17p). 28 Finally, several reports have shown that gains of chromosome 1q (observed in one-third of the patients) also confer a poor prognosis. 29, 30 This abnormality is typically a secondary event, not specific of myeloma, acquired during evolution.
The prognostic significance of molecular changes have been analyzed using high-throughput microarray profiling techniques, focused on copy number alteration using either SNP array or gene expression profiling. These techniques are potentially more powerful because they analyze the whole genome. An analysis of genome-wide copy number alterations (CNA) in 192 uniformly treated patients with newly diagnosed myeloma using high-density SNP arrays suggested a global genomic instability in myeloma. 15 One of 3 distinct patterns of CNAs are present in 98% of cases: loss or gain of the chromosome, loss or gain of a whole arm of the chromosome, or interstitial losses or gains. Analyses of the most frequent lesions (> 10%) identified 2 main groups: the first group encompasses almost exclusively (except for chromosome 11) either gain or loss of entire chromosomes, or interstitial gain or loss of the flanking centromeric regions. This group includes gains of chromosomes 3, 5, 7, 9, 11, 15, 19, and 21 and loss of chromosomes 13, 22, and X (in female cases). The second group is characterized by genetic lesions that affect gain or loss of subchromosomal material, including gains of 1q and 6p and deletions of 1p, 6q, 8p, 12p, 14q, 16p, 16q, and 20p.
Analysis of the prognostic significance of CNAs in myeloma identified that gains of 1q and deletions of 1p, 12p, 14q, 16q, and 22q were associated with poor prognosis, whereas gains of chromosomes 5, 9, 11, 15, and 19 conferred a superior outcome. A multivariate analysis identified a prognostic model that includes amp(1q23.3), amp(5q31.3), and del(12p13.31) as the most powerful independent adverse markers (P < .0001), and the prognostic significance of the model was validated in an independent cohort of 273 patients with myeloma. These findings therefore show the feasibility of molecular karyotyping using SNP profiling to predict outcome in myeloma. This prognostic model must be confirmed in an independent series. Recurrent cytogenetic changes in myeloma are listed in Table 1 .
Two large studies have evaluated the prognostic significance of gene expression profiling in identifying poor-risk patient populations. One of the 2 mod-also evident at transition of MGUS cells to myeloma cells. Interestingly, genes involved in cell-to-cell signaling and cell adhesion were remethylated in cells from the plasma cell leukemia stage, suggesting development of independence from the interaction with bone marrow microenvironment cells.
Recently, 2 transcriptome modifiers were investigated in myeloma. Alternate splicing is an important posttranslational change that alters specificity of gene function. Dysregulated alternative splicing has been reported in myeloma with an effect on overall clinical outcome. 34 MicroRNA are small noncoding RNA molecules that regulate multiple target genes through cleavage of targeted transcripts and inducing translational inhibition. The differential expression of several microRNAs has been described in myeloma and MGUS compared with normal plasma cells. 35 In one study, miR-21, miR-106b~25, and miR-181a and b were overexpressed in myeloma and MGUS with respect to normal plasma cells, whereas miR-32 and miR-17~92 were exclusively overexpressed in myeloma compared with MGUS. Two target genes of overexpressed miRs, SOCS-1 and p300-CBP, were identified as having influence on myeloma pathogenesis. Down-regulation of miR-15a and miR-16 present on chromosome 13 has also been described as having a potential effect on myeloma cell proliferation 36 ; however, its relation with chromosome 13 or 13q34 deletion is not established. 37 Some relation between miR expression pattern and molecular and genetic subgroups in myeloma has been described. 38, 39 The overexpression of let7e, miR-125-5p, and miR-99b located at 19q13.33 in patients with t(4;14) translocation, 38 and miR-1 and miR-133a in t(14;16) myeloma has been reported. 39 Combined mRNA and miR profiling has identified a microRNA/mRNA regulatory network with early evidence of differential expression in high-risk disease. 40 Evidence shows that miR-192, miR-194, and miR-215, which are downregulated in subsets of patients with myeloma, are correlated with transcriptional activation by p53 and modulation of MDM2 expression, suggesting that these miRNAs are positive regulators of p53 with an important role in myeloma development. 41 Unsupervised clustering analysis of microRNA expression profile data also identifies groups with different survival outcomes, recognizing critical microRNAs as modulators of gene expression and signaling pathways, and proels, the University of Arkansas for Medical Science (UAMS) 70-gene model, has 30% of the informative genes mapped to chromosome 1. 31 In the other model, the Intergroupe Francophone du Myelome (IFM) 15-gene model, high-risk patients were enriched in genes controlling proliferation and chromosomal instability, whereas low-risk patients were enriched in hyperdiploid karyotypes. 32 Interestingly, the 2 models do not have a single common gene, reflecting mainly the redundancy in the genes and pathways that control growth, proliferation, and survival, in addition to differences in the platforms used for the microarray analyses or in the treatment used to define the patient population. However, in an attempt to validate the techniques, the IFM 15-gene set was shown to be powerful in the UAMS population, but with a lower significance. 32 Interestingly, both sets identified patients with a short survival but neither identified very good-risk patients, probably because of a short follow-up. An international large-scale effort is needed to fully validate a uniform set of genes predictive of outcome, irrespective of the treatment used, to make gene expression profiling routine in clinical practice.
Moreover, because CpG methylation affects gene expression and thus may be relevant to pathogenesis and behavior of myeloma cells, a genomewide methylation profile has been analyzed using microarray. A recent study showed that methylation patterns, especially hypomethylation, were capable of distinguishing nonmalignant from malignant plasma cells. 33 In fact, differential methylation was 
Implications for Patient Management
Treatment options have been especially driven by age or physiologic conditions. In patients younger than 65 years, the standard of care is usually a short induction (including novel drugs) followed by high-dose melphalan with stem cell rescue. For older patients or those with comorbidities, long-term treatment with a combination is usually chosen. However, the availability and understanding of genomic data have significantly contributed to the treatment of myeloma. Use of genetic data in treatment selection has been proposed based on patients' myeloma cell genetic characteristics, such as in those displaying the t (4;14) . A few studies showed that patients with t(4;14) may benefit from the use of bortezomib as either induction therapy or long-term treatment. [43] [44] [45] In some of these studies, the long-term use of bortezomib totally overcame the poor prognosis associated with t(4;14). 43, 44 For other high-risk parameters, such as del(17p) or gene expression-defined high-risk disease, no specific treatment has shown a beneficial effect. Another important aspect would be to define a standard of care for very good-risk patients. However, these patients are not yet clearly identified, and long-term analyses are needed to define these patients and then to possibly propose less-toxic approaches to their treatment. A recent analysis of patients treated with VAD (vincristine, adriamycin, dexamethasone) induction followed by a double course of high-dose melphalan showed that patients younger than 55 years with a β 2 -microglobulin level less than 5.5 mg/L, lacking both t(4;14) del(17p), and with a 1q gain had an overall survival of 75% at 8 years. 46 Thus, genetic/genomic analyses also seem to be useful in identifying patients with long survival expectancy. Finally, a major objective for individualized therapeutic approaches would be to define what is the best frontline or subsequentline combination treatment for a specific patient. This objective requires genomic studies performed in welldefined populations of patients, treated with a specific combination (such as bortezomib-dexamethasone or lenalidomide-dexamethasone), with a primary end point based on progression-free survival. Several studies are ongoing.
Next-Generation Sequencing
Recently, 2 reports presented data on sequencing in myeloma. The first study used massively parallel whole-genome paired-end sequencing on 2 myeloma patient samples collected 6 months apart and identified 29 somatic rearrangements, including 3 that were present only in the second sample. 47 One of these was on chromosome 13. Breakpoint sequencing showed a 64.9 kB homozygous (no wild-type read pairs found) deletion involving the first 2 exons of the RB1 gene. No reads spanning this breakpoint were found in the matching sample taken 6 months earlier. A second much larger effort in 29 patients (22 whole genomes and 17 whole exomes) using 30x-coverage deep sequencing identified several unique recurrent biologically important mutations involving histone methyltransferases, transcription factor IRF4, BRAF, genes involved in protein translation, genes involved in the NF-κB pathway, and, surprisingly, genes involved in blood coagulation. 48 These early sequencing efforts provide important insight into the pathogenesis of disease progression and confirm the potential of whole-genome sequencing to inform on the biology of the disease, which may affect the therapeutic approach in future.
Conclusions
All of the reported studies show that myeloma is characterized by a wide molecular heterogeneity. The next steps will be to develop a combination of several molecular approaches, including copy number change analyses, gene expression profiling, massive parallel sequencing, miRNA analyses, and epigenetic changes survey in large uniformly treated patient cohorts. This will provide a clear landscape of the molecular changes and their impact on myeloma classification, prognosis, and, ultimately, therapeutic management. is the most relevant adverse prognostic factor, whereas RB deletion as a unique abnormality is not associated with adverse prognosis.
